The work hardening behavior and deformed microstructure of the CuNiSi alloy aged at 723 K for various times and then deformed at 293 and 77 K were extensively investigated. The precipitate microstructure was also observed using transmission electron microscopy after aging treatment at 723 K for 0.30, 3.6, 64.8 and 345.6 ks. Deformation twins were clearly observed by transmission electron microscopy in the under-aged specimen deformed by 10% in tension at 293 K, in accordance with the enhanced work hardening rate observed during tensile deformation. The thickness of the deformation twins observed was approximately 140 nm. In addition, a significant fraction of larger deformation twins were observed by EBSD on the surface of the under-aged and peak-aged specimens tested at 77 K, for which the stressstrain behavior exhibited a nearly constant work hardening rate, i.e., high tensile strength and high elongation. These results show that the deformation twins formed during tensile deformation at 293 K contribute to strengthening of the specimen as new obstacles to the dislocation slip. Moreover, the enhanced twinning deformation at 77 K achieves high strength and elongation in the under-aged and peak-aged conditions. On the other hand, only a few deformation twins were observed in the supersaturated solid solution and over-aged specimens.
Introduction
Cu-based alloys have been extensively used for electrical components due to their high electrical and thermal conductivity and high strength. A CuNiSi alloy has a good balance between strength and conductivity and as such, is widely used in electrical devices, especially as lead frame and connecter materials which require high strength and electrical conductivity. For high performance devices, a downsizing of components and for saving energy and resources, it is desirable to improve the properties of this alloy. The precipitation sequence in the alloy has been examined and it was found that the strengthening phase is ¤-Ni 2 Si. 13) Ni 2 Si has a crystal structure of the orthorhombic and forms on the {110} matrix planes. It is also reported that the Ni 2 Si precipitates are formed from early stage of aging treatment at 723 K. 4) In industrial processes, the alloy is cold worked after aging treatment to obtain thinner materials. However, no detailed reports exist regarding the work hardening behavior of the CuNiSi alloys. The work hardening behavior of precipitation hardened alloys is significantly affected by the nature of interaction between dislocations and precipitates. Cheng et al. 5) have reported the influence of precipitates on the work hardening behavior of the aluminum alloys and rationalized the changes based on whether precipitates are sheared by mobile dislocations or not and how this affects dislocation accumulation and dynamic recovery. Furthermore, it is known that copper based alloys such as CuZn 6) or Cu Al 7) which have low stacking fault energy (SFE) show evidence of deformation twinning which makes the work hardening behavior further complicated. Blewitt et al. 8) suggested that deformation twinning also occurred in copper single crystals tested at low temperature. Therefore, it is of interest to understand these complicated behaviors in both industrial and academic point of view. Also, this can provide new methodology for producing high strength materials. The objective of the present work is, therefore, to clarify the work hardening behavior of a CuNiSi alloy having a variety of precipitate distributions.
Experimental Procedure
The material investigated in this study was supplied by Furukawa Electric Inc. in a sheet form (1.2 mm thickness) with the chemical composition shown in Table 1 . The material was first solution heat treated in a salt bath at 1123 K for 0.60 ks and water quenched. The specimen was then aged in a salt bath at 723 K for various times. The as-solutiontreated specimen had an average grain size of 150 µm and the grain size did not change during the present aging treatment.
The tensile test was conducted at 293 and 77 K at a nominal strain rate of 2 © 10 ¹3 s ¹1 using an Instron screwdriven tensile machine for the specimen aged for various times. The strain was measured in the reduced section of the specimens using a clip-on extensometer with a 25.4 mm gauge length. Tests at 77 K were carried out by immersing the specimens and the extensometer in liquid nitrogen. The work hardening rate was determined by differentiating the true stress-true strain data.
In order to investigate the precipitation state at each aging condition and the deformed microstructure, transmission electron microscopy (TEM) was carried out using a JEOL JEM-3010 transmission electron microscope operating at 300 kV on specimens aged for various times and also, samples deformed by 10% in tension at 293 K. Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) analyses were also conducted using a JEOL JEM-7000F field-emission scanning electron microscope on the surface of the specimens aged and ruptured at 77 K in order to investigate the microstructure after deformation at low temperature.
Results and Discussions

Precipitation hardening and microstructure
The evolution of the 0.2% yield stress during aging at 723 K up to 1206.9 ks is shown in Fig. 1 . The yield strength at the peak of the aging curve is 520 MPa for an aging time of 64.8 ks. Figure 2 shows the high-resolution TEM images for the specimen aged at 723 K for various times. The incident beam is parallel to h001i of the matrix in each case. One can observe that the precipitates grow larger with increasing aging time and are considerably coarsened in the over-aged condition. In addition, it is also found that the precipitates are formed on the {110} matrix planes with a disk shape in all aging conditions, which is consistent with previous observations on the Ni 2 Si precipitates formed in the matrix. 13) 3.2 Work hardening behavior at 293 K Figure 3 (a) shows the true stress-true strain curves for the specimen aged at 723 K for various times tested at 293 K. A curve for the oxygen free high conductivity (OFHC) copper (99.99% purity) with an average grain size of 210 µm is also shown in Fig. 3 . The work hardening behavior is different in each aging condition. In order to investigate the work hardening behavior, the work hardening rate, #, during tensile deformation is plotted against the flow stress, ·. In Fig. 3(b) , the corresponding curves for the normalized work hardening rate, #/® 293K is plotted as a function of the normalized flow stress ·/® 293K , where ® 293K is the shear modulus of pure copper at 293 K. The dotted line in Fig. 3(b) shows the Considére criterion indicating the limitation of uniform deformation. The work hardening rate of the OFHC copper and the supersaturated solid solution (SSS) specimen decrease linearly with increasing flow stress. This linear decrease is the typical work hardening behavior of FCC metals. 5, 9, 10) The lower slope of the SSS specimen than that of the OFHC copper illustrates that the dynamic recovery of dislocations is retarded due to solute atoms. The work hardening behavior of the over-aged specimen is similar to that observed in over-aged aluminum alloys. 5, 10) In contrast, the work hardening behaviors of the underaged and peak-aged specimens are no longer a typical for FCC metals. In particular, the specimens aged for 0.30 and 3.6 ks show unusual work hardening behavior, i.e., the work hardening rates first increase and then rapidly decrease after the maximum point. The increase in the work hardening rate is difficult to explain by a simple work hardening mechanism and suggests an additional increase of the obstacles to dislocation slip during deformation.
Yield stress, To clarify the mechanism for this work hardening behavior, TEM observation was carried out for the 3.6 ks aged at 723 K and 10% deformed specimen. This specimen corresponded to maximum value of the work hardening rate shown in Fig. 3(a) . The TEM image shown in Fig. 4(a) illustrates that planar defects can be observed, which had not been found before deformation. Figure 4(b) shows the high resolution TEM (HRTEM) image for the planar defect. The selected area diffraction pattern (SADP) obtained from this region is also shown in Fig. 4(b) . The HRTEM image and SADP reveal that the planar defects are twins and the twinning plane is the {111} planes of the matrix. These observations demonstrate that deformation twins form during tensile deformation. In addition, it is found that the deformation twins are with the range of thickness from 1 to 40 nm, which is finer than the twins in observed in TWIP steels studied by Jacques and co-workers 11, 12) but is similar to that observed in CuAl alloys. 7) Also, the twinning spacing observed is about several hundred nanometers to several micrometers. It is believed that the deformation twins act as strong obstacles for the subsequent movement of dislocations similar to grain boundaries. 13, 14) Lu et al. 15) have confirmed that the Shockley partial dislocations are left behind at the coherent nanoscale annealing twin boundaries in the Cu specimen. As such, interactions between dislocations and the deformation twins formed during tensile deformation represent new obstacles to the dislocation slip which can increase the work hardening rate due to the introduction of new obstacles during deformation. Furthermore, it is found that strain fields are observed at the edge of the deformation twins as shown in Fig. 5 . This observation suggests that the edge of the deformation twins may also act as an obstacle to the dislocation slip. From the above observations and discussions, we suggests that the increase of work hardening rate during deformation observed in the under-aged condition is caused by the formation of new obstacles and the refinement of the grain size due to the deformation twins.
It is interesting that only the under-aged specimens show the increase of work hardening rate during deformation corresponding to the formation of deformation twins. Deformation twinning occurs at a critical stress of the order of £/b, where £ is the SFE and b is the length of the Shockley partial dislocation. 7) In the CuSi system, the SFE decreases as silicon concentration increases. 16) According to this, the SFE of the CuNiSi alloy is the lowest in the SSS condition and increases as the aging progresses due to the decrease in the matrix silicon content resulting from precipitation of Ni 2 Si. Based on this argument, the SSS condition should have the greatest tendency to cause deformation twinning. aged specimens. We suggest that this is because the stress applied to the SSS is too low to cause deformation twinning, while by contrast, the stress is increased on the sample due to the precipitation hardening and deformation twinning is then possible. Thus, deformation twinning in the precipitate containing alloys depends not only on the SFE but also the precipitates state, i.e., the macroscopic yield stress. Figure 6 (a) shows the true stress-true strain curves for the CuNiSi alloy aged at 723 K for various times tested at 77 K. One can see that the values of the fracture strain in the under-aged and peak-aged conditions at 77 K are much larger compared with those at 293 K. For the same aging conditions, the work hardening rate is plotted against the flow stress; both are normalized by the shear modulus at 77 K.
Work hardening and deformation twinning at 77 K
The work hardening behavior at 77 K is also shows significant differences depending on the aging condition. It should be noted that the work hardening behavior of the peak aged specimen at 77 K is very different compared to this sample deformed at 293 K, i.e., the work hardening rate is lower and shows an almost constant plateau throughout tensile deformation. A similar observation is found for the specimen aged for 14.4 ks. This work hardening behavior is qualitatively similar to that of TWIP steel.
1113) In contrast, the SSS and over-aged specimens show a work hardening behavior similar to the specimens deformed at 293 K. Figure 7 shows the inverse pole figure (IPF) maps for the surface of the specimen tested to fracture at 77 K with various aging conditions. It is confirmed that the under-aged and peak-aged specimens have numerous deformation twins, on the other hand, the SSS and over-aged specimens have a few deformation twins suggesting that deformation twinning is enhanced at 77 K, especially in under-aged and peak-aged conditions. This can be interpreted as below.
The flow stress for dislocation slip is increased at 77 K due to the lower level of thermal activation and this makes the deformation harder. In addition, the precipitate hardening mechanism in the peak-aged condition is reported as Orowan mechanism, 17) therefore, the precipitates in the peak-aged condition can also restrict the dislocation slip. In general, the restriction of the dislocation slip causes the increase of work hardening rate. The deformation twinning, however, occurs in this alloy as mentioned in section 3.2. The resulting higher applied stress required for the plastic deformation at low temperature leads to a higher activity of deformation twinning and the deformation twinning is further enhanced in the peak-aged condition. The enhanced deformation twinning caused the low and constant work hardening rate as shown in Fig. 6(b) .
On the other hand, Fig. 7 shows that the dislocation slip is not restricted by precipitates in the SSS and even in the overaged condition which shows high yield stress (see Fig. 1 ). In the SSS specimen, it can be explained by the absence of precipitates. In the over-aged condition, it is probably because dislocations can easily slip due to the large spacing between precipitates and the high SFE. The other possibility here is that the larger precipitates make twin nucleation and propagation more difficult, i.e., the twinning stress is now raised.
Finally, the work hardening behavior suggests that deformation twinning is dominant deformation mechanism in the 64.8 ks aged condition and the formation of the deformation twinning greatly contributes to achieve high strength of about 870 MPa and high elongation of 25%. Moreover, the work hardening behavior of 0.3 and 3.6 ks aged specimen would be consistent with the deformation mechanism changing dislocation slip to twinning and dislocation slip with applied stress. Blewitt et al. 8) suggested that the deformation mode changed from normal dislocation slip to twinning in copper single crystal specimens tested at 77 K when the stress achieved to approximately 200 MPa. It was 250 MPa in the CuAl single crystal specimens of Niewczas.
7) These will be directly confirmed by microstructure observations at each stress level in future work. This is the first report mentioning the occurrence of deformation twinning in the CuNiSi alloy. In addition, few reports exist about deformation twinning in precipitate containing alloy. Therefore, further research is required to clarify the effect of deformation twinning on the work hardening rate, the mechanism of twin formation and how the precipitates play a role in deformation twinning.
Conclusions
The work hardening behavior and microstructure after deformation at 293 and 77 K in the CuNiSi alloy at each aging condition after the solution treatment at 1123 K for 0.60 k were investigated. The results obtained are summarized as follows:
(1) In the under-aged condition, the higher stress for the dislocation slip due to precipitation leads to the activation of deformation twinning. The deformation twins have a range in thickness of 140 nm and cause the increase in work hardening rate at room temperature. (2) The deformation twinning is enhanced at 77 K due the dislocation slip requiring higher stress at this low temperature. This effect is most significant in the underaged and peak-aged conditions having fine and dense precipitates. (3) The kinetic of deformation twinning is a complex function of the SFE, the precipitate state and stress level. (4) Enhanced the kinetics of deformation twinning combined with precipitation hardening is a very effective way to obtain higher strength and elongation in the precipitation hardenable alloys. 
